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Way 15, 1950 
Berkeley, California, 
The Faoulty of the Department of Engineering, 
University of California, 


Berkeley, 4, California, 


Gentlemen, 

In accordance with the regulations of the Graduate Division 
of the University of California, I suomit herewith a thesle entitled 
"Theoretical Investigaticns of the Hesistivity-Saturation Relationship 
in Porous Yaterials", 

This ie in partial satisfaction of the requirements for the 
Degree of Mester of Science with speolalisation in Petroleum mngineoring 


at the University of Califormia, 
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Initially it is desired to acknowledge the indebtedness 
to the United States Naval Service for placing the writer in a position 
where such a study was possible, It ia to be noted, however, that the 
ideas and opinions expressed herein are those of the author and do not 
necessarily represent those of the Navy Department of Naval Service, 

The advice, oriticiams, and many helpful suggestions given 
by the committee in sharce of this work, Professor Wi, H, Somerton, 
Professor J, A, Putnam, and Profeasor ©. J, M, Smith, were invaluable, 

Finally the help given by R, ¥, Voss, &, WW. Ravenscroft, and 
8S, P, Miller in the many ideas they oresented, did much to help clarify 


many detailed aspects of the analysis, 
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TENORETICAL INVESTIGATIONS OF THE RESLISTIVITY=GATURATION 


RELATIONSHIPS IN PORUUS MATERIALS 


ABSTRACT 
In this paper 1% has been shown that the similarity exiating 


vetween eleotrioal and hydraulic flow leads to a relationship between 
eleotrical conductivity and hydraulic permeability, NSxpressed in texna of 
relative resistivity and relative permeability to the wetting phase, the 
relative permeability ia equal to the relative resistivity times the 
equare of the conducting fluld agaturation, 

Analysis of the data of previous investicatora showa that for 
Glean wnconsolidated sands the relative permeability is equal to the 
square of the relative resistivity. For consolidated sands the data are 
not as definitive, but the indications are that the relative permeability 


will be less than the square of the milative resistivity. 


TRODUOT ION 

Since the tie of its inception the electrical log has been 
used primarlly to oorrelate structures and geology in local areas, and 
to indicate qualitatively a given stratum’s fluid content, It is readily 
apparent that quantitative relationships between fluid content and the data 
avallable from the electrics log would increase the value of the latter 
many tines, 

fhe prodlem here is twoefold, There must be catabdlished a 
quantitative relationships between the brine saturation of @ porous matrix 


and its resistivity at thie saturation, further, the relationship of the 
























CLS eT LS LT TTR 4A 
. » «= emmy — a] f 
calteim ohadhey cit be mae owen ad Hioeogie a a 
I sheds tee 
eek Ad hee 
ee | 
ol emer se ehdne Ad et Deyn wt 
ee 
0! 5am cam nines ecenee ws Sew ean Gla 
ow Las of ott) /ememy sete aa 
Ot Ome Aeheey mur Be POET. eY 
tt, Aome MPR BAP Je an. med Reed md Aah popeabaition 4 
ee 


= F&F —_ 








h_—  & 





/ 








—— ta ens Late selh 8! @eqeee «rf Gy Og? Mas eeney 
Sas cere Lass EE CULIERG Cle CRAIRD PARLE be Gs Money 
silane 01 ot cua ANAT AE Seep e Clune aimed ae 

ee ee 
velee ie eter et eens olarr eof oftdeaio ead ewe) af 
eet) 

a omelet em tee eet Abeer ed om ei@e af 

ke 2 6 Se elie ins o6l semntes cttediates eritenteren 
uM © ye eM geet Eh tele Sei 46 veereeeiows o4t Gee 














true resistivity to that obtained with the log, scauplicated aa it is 

by many side effects, mmst bs eatablished, Thia problem is being atudled 
primarily by the ofl well sarvicing companies, and although the anawer 
is not complete, satisfactory empirical relationships have been worked 


(1) 


out in the form of curves, The problem of the quantitative seaturation- 
resistivity relationship, with which this paper will concern itself, ahs 
been primarily one of the laboratory and has been attacked by many 
investigators, (9)(5)(4)(8)(6)(7) 
The first definitive work to extend the usefulness of the 


(2) ke 


eleotrical log in 2 quantitative sense was done by Arohie, 
proposed a method for determining the oll or water saturation of s 
reservolr bed from a mensure of its resistivity as compared to the 
resistivity of the brine with which it was partially saturated, 
From an extensive series of deta Arahie postulated two 
empirical relations: 
Fe f™ (1) 
$ © (Ro/a)*" © (#m_/a)>/® (2) 
where F is a "formmtion resistivity factor" defined ag the 
resistivity of the saturated matrix (R.) divided by the 
resistivity of the brine with whioh it is saturated (R,) 
f is the fractional porosity, 
mis an expoxent termed the cementation factor, 
3 is the fractional brine saturation, 
Risa the resistivity of the partially saturated mitrix, and 
n is the aaturation exponent, usually taker aa 2, 
This work opsned the field for sunsequent investigators to establish 
@ more pracise relationship between the brine eAturation of a porous mitrix 


and the resultant resistivity, In the main these efforts have bem directed 
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toward establishing a walue for "n" that will result in more consistently 
sorrest ovalvation of tne saturation, and towerd showing that the resistivity 
is e function of the method of saturation end of the fluid distribution, 

Certainly studies of the variation of resistivity with distribu 
tion are very necessary since the distribution of the fiuids will probably 
effest the resistivity, ‘hen the mediwn is wet by the sonauetineg phase 
the effect is usually emall, out marked variations have been shown te 
oesur in sowe cases when the sand is ofl wet, (2) 

However, i$ must be remenbsred that the date obtained have been 
applied to an expreesion which was out forth Initially as an approximate 
reletionship without a solid theoretical jrsetification, Toa overcome this 
aiffioulty, the problem was attacked from a fwndanental theoretical 
staucgpoint, Ldaealized pore specey were broken wp into inorementel ele-~ 
ments and the resistivity relationships were analyzed, By this means the 
relationship between resistivity and saturation was determined for siuple 
ideewiized pore spuces, 

This aprroach to the problem showed that even in these sinple 
enasa the relationships were very complex, and that no sizaple, general 
6Olution of the relationship was avallebvle from the gaometry of the system 
alone, sxnotner independert peremeter waa required, The reletionships 


Ootained and thelr derivations ere contained in /ppendix I, 





if the laws of electrical flow are considered, it wlli be noted 
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that for a constant electriaal voltage and resistivity the amount of 
eurrent flow per unlit of iength wili ve a funation of the area evailatile 
to flow, For hydraulic flor through a eaplilary tude, for a conatant 
preesare gradient, the rate of fiuid fiow will ve proportional to the radius 
of the tube reised to the fourth power, This was indicated by Syllie and 
nose (?) wnen they called attention to "a fundamental difference between 
visooua resistivity to fluid flow and electrival resistivity, Tne former 
effect depends principally on the pore radius to the fourth power (r*) and 
the latter to (asic) the radius aquared (r“)", 
With this goneept in mind the relationship vetween electrical 
conductivity and hydraulic penmneacility will be developed as follows: 
vonsider a porous matrix saturated with a brine of reeistivity 
Ry. The resistances offered to electrical flow is given by the relation 
Hes @ (d/na)iy (3) 
where d is the average length of the pore ohannels, 
n is the nimber of pore shannels, and 
& is the averaze cross sectional aree of the pores, 
The resistivity of the saturated matrix, Ry, ia given by 
Ro © Ry(d/na)(A/L) = (d/L)(A/na) Rp (4) 
where L la the lencth of tne matrix in the direction of 
electrical flow, and 
A is the cross sectional area of the matrix, 
If the fractional porosity, f, is written in termes of the 


geonetry of the systen 


€ » YOld volume — = (d)(na) (5) 
pulk volume ~ (L)(A) 
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(a) 





Then 
(A/a) = (a/L)/f (6) 


From which 
Ro/y = (a/1)*/¢ (7) 


where (a/1,)* * fT, is termned the tortuosity of the systen, 
Rewriting equation (7) 
Rg/Ry © 2/f (7a) 

Which ig at variance to the relationship Ro/iy *® qh/? te 
developed by “yilie and rose (9) ag a definition of formation factor 
because they based their development on the relation f = na/A, whieh 
is true only for the capillary tube where 4/1 = 1, 

When the eleotrical end hydraulic flow paths are the same, when 
no slestrionlly conductive solids are present the permeability may also be 
expressed az a fumction of the tortuosity, Kose aud sence (10) express 
the hydraulics permeatility of a porous matrix by the following relation: 

K = (fm?/k,)({1/?) (3) 
in which K is the peraeavility, 
mis the mean hydraulle radius ® f/A,, 
A, le the surface area per unit woline of the matrix 
forming the pore channels, 
Ko 18 & Gonetaent of streamiine motion derived from 
the Kozeny equation, and 
f i» the fractional porosity, 
This may be written as 
K « (£3 )/ (41 7K9) (9) 
where t = 1/7 


For any saturation of the wetting phase the effective porusity 


of this phase wlll be @qusl to the product of the porosity at complete 
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saturation tines the fractional saturation, 
f, = Sf (10) 


Then for any saturation in which 3 1s legs than 1,0 


Ky ® (f9°t)/(A, Ko) (21) 
From equation (7a} 
t = (Ry/Ry)/f¢ (7) 


chen 
Ky © (f97/447he) (Ry/ Ry) 
@ (£%92/a,°k,) (RAR, ) (12) 

Writing permeability at 3 81,0 as the homogeneous fluid 
permeadility X, and the parnesoility at 3 1,0 as 4,, and similarily 
the resistivity at 5 # 1.0 as 3, and at 5 1,0 as 2, the ratio K/x 
becomeas | 


Ky (£23 /ay "key Ry/B) 
x (8/7 kg) p/p) 
or 
K/K 2 8*(Ro/R) (13) 
In which K,/K is the relative permeability to the wetting phass 


as currently defined in the literature, and Ry/R is a new Qoneept termed 


the relative resistivity, 


ANALYSIS GC DA 
Prom equation (13) it may be seen that the relative perneabiilty 


end relative resistivity are both functions of thea wettine phase saturation, 
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Referring to the date of Wyckoff and soteet (22) | values of 
relative permeabliity to the wetting phase for a slean unconsolidated sand 
result ina linear relation with saturation on logarithmic coordinates, 
Figure (5) of the paper by Dunlap and his oo-workers! 7) is a plot of the 
resistance of a clean uncensclilcated sand against saturation, From these 
data the quantity (Ro/R)8* may be Gaiculaved, This fiction is then plotted 
on logurithsis coordinates against saturation and a straight line may be drawn 
through Dunlap's experimental data plotted in this manner, For the resig- 
tivity function in the region where $¢0,5 tne fit ls excellent, Above 
this region the experimextal points are spreac, possibly because of non- 
unifora saturation, Bedsause no information is avalisbig on the gradient 
of such possible saturation variation, the line represents an "eyeball" 
average of the data, 

These two eets of data are shown on Fieure (1), ‘The vertical 
axes represent the right and lett sides of equation (13), and the horizontal 
axis represents the fractional wetting pimse saturation, 

Despite the fact that over ten years seperate the tings of 
Ovtalining these two sets of data, and despite the fact that the properties 
of different sands were being luvestipated, oicse agreement is obtained 
between the two lines, ‘hus it can »@ said thet the function of saturation 
involved is the same for both parameters, 

Thus the equatlous of these two ilnes are 

gem" = Ro/R (14a ) 
GU es Ky/K (14d ) 


where u is the slope of the lines, 
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RELATIONSHIP 
BETWEEN RESISTIVITY 
PERMEABILITY, AND 

SATURATION 
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FIGURE |. 





Tnen 


K,/K = (Ro /2)*/ (—2) (15) 
The slops of the lings in Figure (1) le equal to 4, Mquation 


(15) then baoones ‘ 
/K ® (29/8) (16) 


or for Glean, wieonsoliidrted genis the relative permeasility to the 
wetting phase is eoual to the s wre of the relative resistivity, 
Going heck to ewwation (148), feru 2 4 
Ro/R © 37 (17) 
Thus for clean, unotnevlidated sanda, the relation postulated 
by Arenie!*) | using an exponent of 2, is quite valid, 
For consolidate. enuds the dvta wvalcasle in the literature 
are not cefinitive, Using the date of lores and his so-worker'e (2). 
for consolidated sands, the rigit ema left sides of eeuntion (13) are 
again plotted aygainat saturation on logurithnic couriinates, *ilure (2), 
The lines trus ovtained are hot as good as those of Fignre (1), but yield 
@ slope of approximately 6,¢. 
ther for oconso.idstei metus anproximmte relations may be written 
K_/K © (Ro/R}te® (23) 
o* = RO/R (19) 
Beoause of the dearth of data for consoildstead sheds equations 
(18) and (19) are presented o.ly as qualitative relations, 
Coneidering the cass of the caplliary tuos, it is known taat 
the resistivity va les linearly with the waturation, from this the 
funotion (Ro/R)S* may ve calonlated and plotted againat saturation, 


Figure (3) shows the slope of this lina to be three, 
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Thus for a caplilary tube 
gh" = RO/R 


or 
S$ m= Ref (20) 


Which relation is indsed valid, 

It must be rememvered, however, that these rmletionships are 
applieable only when the hydraulis end electric flow paths are the snine, 
or when there are no conducting solids to conduct the elesctrisity to the 
exoiusion of fiuid flow, 

Additional data are avalleble in tne literature in the work of 


previous invent igatore!*#) (215) | 


These dats along with these previously 
used ars shows in tabular form in Aprendix II and the source of each is 
indicated, In all canes, in order to obtain reletive permeability and 
relative resistivity values at the sume saturationa, these valves were 
taken from the ourves drawn by these previous investigators rather than 
the experimental voints themselves, These deta are grouped for unconsoli-g 
dated sands, Gonsolidatec sands, and aymthetic consolidated oores, 

Using the arithmetic averege of the four seta of data given in 
fables < through IV (Appendix Il), three ourves were plotted on reotangular 
coordinates, (Figure 4,), ‘The first curve is a plot of relative resistivity 
versus saturation, the second ls a plot of relative permeability to the 
wetting phese versa aaturation, and the third is a plot of relative 
resistivity squared versus saturation, The spread of the relative realise 
tivity data used to obtain ovrve 1 of Figure (4), ia shown ty Figure (8), 


Appendix Il, The close agreement of curves 2 and 3 supports the 
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AVERAGE VALUES OF RELATIVE RESISTIVITY 
AND RELATIVE PERMEABILITY FOR 
UNCONSOLIDATED SANDS 
(TABLE V) 


| 
LEGEND: 
Curve | 


Curve 2 


Curve3 





2 
NOTE: Curves @and 3 show relationship Rw 2 (fo : 
K a 

Equation (16) 


FIGURE 4. 
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relationship given by eqwetion (16), 

Referring to the date given by torse {42) for a Bradford sand, 
(Table VI, Appendix II), aurves similar to those drawn for the unoonsolidated 
gand are shown for this one set cf datn on a consolidated sand, Figure (5), 
In addition a fourth ourwe is drawn to represent tne right hand side of 
equation (13), The fair agreement between curves 2 and 4% tends to support 
the relation wiven by eqwition (18) for thia set of data, 

Finally weing the data for a synthetio core piven 5y ltorse (12) 
the three ourves shown im Figure (4) ere plotted for a aynthetia core, 
(Table VII, Appendix), Figure (6) shows these relationships but the 

va avallacle for this onse were so scent that no definite sonclusions 
may be dravr therefrom, exsent thet this set of data gives exesllent 
scpport to equation (16), 

If ali the data and tne fundamental ideas developed soove are 
considered toyether in a mere general sense en additional puavivle 
aspect cf the relationship becoxes apparent, It may ce noted that for the 
Gases Of the wnoonsolidated sands end the synthetic core the data avallable 
are in egreement with the relationships 

K_e/K @ (Ro/R)* end 

%/2 = 3° 
The main point of physical similarity between the unconsolidsted gands and 
the synthetics sore fa that both are, to all practios] purposes, isotropic, 
There are no bodding planes and no stratification, With thie in mind, note 


that for the cass of the capillary tube the relation between relative 
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RELATIONSHIP BETWEEN RELATIVE RESISTIVITY 
AND RELATIVE PERMEABILITY FOR 
A CONSOLIDATED SAND 
Data After Morse (I2) 


[.O 
LEGEND: R 
Curve | ee x 
Kw 
0.8 Seren © 10.8 
Curve 3 (42) 5 
.§ 
Guever (Be) n 
Bradford Sand 
0.6 Porosity 20.2% oe 
Kw 
K 


Permeability (Air) O3md. 
0.2 


70[0 


0.4 





. O 
O 0.2 0.4 S 1.O 
— K R 4.5 
NOTE: Curves 2 and 4 show relationship Pa = ) : 
E auation (18). 
FAGWRE. 5: 
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RELATIONSHIP BETWEEN RELATIVE RESISTIVITY 


0.8 


0.2 
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AND RELATIVE PERMEABILITY 
CONSOLIDATED SYNTHETIC CORE 


Data After Morse (I2) 





LEGEND: 
Curve | 2 x 
Curve 2 Rw O 


K 
Curve 3 (2 


NOTE: Curves 2 and 3 show relationship oe 





Equation (16), 
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FIGURE 





resistivity and saturation ie 
Ry/X = 3 
Consider, in this light, tue ease of a sonasolidsted sand with 
mors or less stratification, [If the vlenes of stratification are suoh 
that flow paths are no longer rendom, then preferential flow channels will 
be established either in the general direction of flow or esrogs the 
general direction of flow, If alongs the direction of flow the conditions 
Will tend toward those of the capillary tube, and the relation between 
relative resistivity and saturation will become 
Ry/kR = GF where n< 2 
If satratificution is more pronounced acruss the direotion of 


clectrical flow the conditions will be on the other side of isotrozis 


gsonditions, end 


Rp/R ae gf where n> 2 





Since the data presented are somewhat varied and were not gathered 
with this problem specifileclly in mind they are not ideally suited for 
the confirmation of the relationships poatulated, It would therefore be 
deailreable to obtain additional deta under clrcunsinnoss controlled to 
point up tha effects considersd, 

Although it Is felt that the fluid distribution within a oore, 
ag well ag the sotwal saturation, will effeet the resistivity the initial 
step in the analyels should be to sstablish this faut experimentally , 

Such experi~ental verification on a macrossopic level could be 


obtained by placiny e pertially saturated core in a centrifuge and 
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EXPERIMENTAL SETUP FOR MEASURING 


RESISTIVITY AND PERMEABILITY 


Vertical Cross Section 


Brine inlet from constant Oil inlet from constant 


volune pump a hee volume jump 
\/ Lucile jacket 
Le pl 


| 
Fluid mixing head j Input electrode 


/ 


Oil pressure pads 
and faps 


| A | 






Brine pressure pads 
and taps 


Measuring electrodes 


Sas 


Output electrode 


mlbid velflux FiGuins 7 
Scale: I's I" 
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rotating the centrifuge at velosities sufficiently high to obtain definite 
amounts of fluid migration, As the orientations of the score were changed 
fiuid migrations would take place to various parts of the core and fluid 
distributions would be chanred, The rotor of the oentrifuge aust be fitted 
with slip rings to meagure the resistivity of the sore while the centrifuge 
is rotating, A dgontrel plug of hnown, and constant resistivity must be 
pineed in the centrifuge to keep a cheok on cirenuit variations, Sueh a study 
would show the effeat of changes in the meorossopis fluid distribution 
within the sore, Ularossopic variations would probably have an effeot upon 
the resistivity, as indiseted in the earlier disoussion, out theese verle= 
Giunsa would be masked by the larger macroscoric effect, 

Eaving established euch an effect the problem of a relationanip 
is primarily that of the ralationship betveen hydraulic und eleotria flow, 
Thus a system ii; which both hydraulisa and eleatria flow can oeour smet be 
used, Further, sinse there are only two electrical “phasea", the sonduc- 
ting fiuld and the non-conducting Pluid, only a two shase hydraultie 
aystem is necessary, uch # system sould be set up reine a modifiasation 
of the equipment desurlved by Duntap!7), show: in Figure (7). 

Kaowing the homogeneous fluid permeability of the core, and its 
effective porosity, the core mounted in such a lucite core holder dan be 
saturated with brine. At tiis saturation the voltage drops ean be 
measured and the resistivity, 2p, can be calovilated, The multiple elec- 


trodes provide a oheck or the uniformity of saturation, 
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The esaxturation ean then be varied by flowing Gil ana water 
through the system at rates fixed by the constant volune puups, Wher 
equilitriwa is reashed the fluic flux out wil. be anual to the maowts 
flowing in and @ constant preesure drop wili obtain, fron tiese reales of 
flow the permeabilities to ootn panseg enn ve caloulateu, aithough in thig 
analysis only the perseaci.ity to the orire phase is reenulred, 

While the aysten is fiowine wiaer equilivriun gonditions a voltage 
can be Leprassea across tne end electrodes, The volta-s eoross tne measuring 
electrodes say oe seasured, and fro. taie the revistivity, Xy, can 6& dale 
culated, TO estevrisn whether or not tne registivity “i111 be effected by 
streaning peventiai puenemena, Nyureulic flow aun vo stopped, tie voltae 
drops measured unc the resistivity ueder svatic corditions esiculated, It 
is considereu taet for brine concentrations greater tann U,17 this effect 
Will oe gemli, 

Tals tnen will permit perveebsility anu resistivity meacurement s 
to be maue at varivus saturations, In order to make these data definitive 
of the oonditions an indapendent dasterminmtion of the brine seturation 
must pe made, this migat ve avcommiisnea oy 82 "RSs balance, but, keoause 
of the relatively larye quantities of fiuid involvec, the nreelaion of this 
methoag wil. be poor, 

A mOre @aliguuctory approacsin to the probles lies in aaturatioz 
eveluaticn oy A-ray anniysiea, If the equipment deseribad avcve were mounted 
in Aerey equipment as described bp Laird ena rutvant6) after euon set of 
permeavliiity and resistivity mesitrements, the saturation ana its dise 


trioutlon could o@ evaluated indspendentily, 
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With data obtained in thia fashion the reliability of the 


relationships develoned above couid be checked conclusively, 





li It has been ahnown thet because of the similarity between 
electrical end hydranlisa fiow a relotium mey be developed between elea- 
trieal oonductivity or resistivity and hydraulics pamnenblilty, Chis 
relationenip takes the form 

Ky/& = (Ho/R)S* 
ae If tne saturation is elisineted fren the expression, a second 


relation results 


K/k # (ig /n)¥/ (e-2) 
{a) Experimental data snow that for glean unconscliidated sands 


uz 4, and , 
yf © (Ro/R)F 


(0) For eonsolidated sands the data available are not aa oone 


Glusive, but a qualitative relation may ve written 


iyi kK = (Ry /R)* where v < 2 
3, it has also peen shown that the reletivn postulated by Aronia 
$* = R/k 


fe quite valid for glean wnconsolidated sande, 





in addition to the conclusions fiver avove the following tenta- 


tive conclusions ara algo presented, 
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1, Por isotrenic media the relative permeebviilty to the wetting 
phase is equal to the scunre of the relative resistivity, Further, for 
these madia, the valationsahip developed by Archie is vaiid and the 
exponent of the saturation is equal to 2, 
ae Por anisotropio media, in which the eeddine liss in tha 
Qireation of electrical flow, Arohie's relationsnip is walid, dut tie 
exponent of the ssturation is less then 2, 
Se For anisotronis media in which the bedding is across the 
direction of electrical flow, ¢rchie's relationshin is valid, out the 
exponent of the saturation ia greater than 2, 

By a study of the resistivities of consalidated sandg in 
sarefully oriented positions these gonoinusions conld ee verifled, ana, 
if tree, a quantitative relationship estadiishec, i study of availaole 


field data might also be used to investigate these relationships. 
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fo detersine weather or net a definite relationship oan be 
estaclished te predict the variation in realetivyity with esturstlen tn 
ony porous matrix, this voriation was stucled in aertein idealised pore 
epeees, The pore spaces atuéied in datall were (1) a gapkliacy tobe, 
(2) a apherleal pore ith a wanli epesing at aither end, (3) a sore 
eamposed of the Crastraums of Swo right Girsular doses dase t4 bave, mad 
(4} the pore apase Conaeé oy the Gurie packing of ldentienl apeerea, 

The anslysie of each of these pore epucea and the results obe 
tained ara presented In detall velo, 

The aymysla weed througheut thie amciysis are; 

Re Ty Toe THGLL Of tha poten at Various cross sections, 

Ry, “radius of the noc-sanduetlay suesle, 

jae, realsbance of a singie pore, 

A, Grea Of ths rectangular parrileleriped onelosing the pore 

at Picht angles to the dirastion of flow, 
Ly iengtn of the restancular parslleispiped ondlesing ths 
pore parallel te time direstion of flor, 

Ff weesiativity, 

f, evsdveting fluid resistivity, 

Ge Gondueting Tindéd freetional esturation, 

Sye SOn-Gontiuating Lluid fractional saturation, 


eo, 3°, H, & FE. ° =&, geometria parameters of the va rlows porpa, 
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Uengider e geoliiavy tuve of dicemalonga aa olive: wy There 


ied, The reeletaenoce of such a pore Pliled with « brive ef renletivdi ty 


fo way we erltven direetiy, <1} 


L 
ErgureL-! 
hoe - 7, ee (1) 
A= gZe* Zizi 
Le Be ee 
Ls thes, CB) = Lol ga)? (2) 


Im the oane of partin] sxtwratioan Lf the nonegaydmeating fiwid 
tekes the fore of a aylinder esreentrie with, end within the pore, the 


pertisliy asterated pore takes tha eecfiguration civen by Fisnre 12, 
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Figure€ PZ. 


fewening timt @ negiipiola amonit of surrent flees throu 


the non—gondvoetiuws fluid, the reeletrrao Le: 
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The fragtional exturstien of the mamesanasehing Pinid may 


be written: 








=, = 7 Ky? 1 = Giey)* 
Wee pl” ar 
And y, 
la = KS 
Youbining (3) and (4) 
Wes, = J. sae. = Pa FA 
Gn ( /- 3, ) Ta oS: 
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Pram (2) and (4) the relstioneship for the relotive ceelativity 





may be written: A fiw 
To ZH = sy, 

le hw 

WS5¢ 


(Z) 


Or in the oepiliers tube pore the resiativity veries iinearly 


With the senduatinge Finie seturation, 


suberiood sure 


fhe epherionl pore meedied ia shown by Piewre [-—3, The Initial 


condition ia thet where the sere is goupletely filled witn brine, 
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In detemeiuing the reeletance of the spherice; pore the 
realetanees of Lnoremental gpaeriesi ahsila, vwarginy ts ractee fran 
Bo 30 8, end of thisnweers adr, are smemed up, Tines the #ells cnele of 
integration will be Pron 0 to 7 sedlens (he, for honisshe tog}, the 
wdditles of realste: cca B wili be angen ay the omlasign of 


yasiatenases A, ys 
AS, = 2 if W- _ 
2/7 r- : 


y |e 


(32) = 


a ee. Ge e, 
+ a 2 ee Oe): Sg ee 





for pe 2 
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aS Pte s) 


Ter partial eatumtion suesiadar « apherias) baboia of ache 
oscdustiag Pinid of radian 4, at tha cetter ef te pore, iMigure let}, 
A somawiet 4ifferent analysis muat be used Cor thie wouditien, GF the 
region ro (rd hy she apitecloel ssolisg weed for the oocoletely ature 
ted pore are agmin a weilid eperoegh to the myvetion of woaiotivitios, 
In the ragion 4y< 2(R Slat woeshexLine leas ere weed beacuse here 


they are representstivea of the fiow paitern, 
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Relative Resistivity and Relative Permeavility 


for Unconsolidated Sands 





Table I Table Il 
(Wyckoff & sotset ) (11) (Leverett ) (1+) 

S$ Ro/R (Ro/R)* Ky/K S$ Rof/R (Ro/R)© Ky/K 
iO ot. 0 1,0 L2@ 120. 21,0 0 1,0 
0.9 0,84 0,702 0,70 0.9 0,845 0,712 0.74 
Gg )0,67 0,45 0,46 0.8 0.69 0,475 0,55 
O27) oS Oged Ceae 0.7 0,54 (O7e9 0,56 
0.6 @ee7 0,15 U,16 0.6 0,40 0,16 0427 
O68 7072/7 Oba - 0,08 G.5) 0,27 0.075 Oars 
O74 0.17 0.029 0 C35 CA O 5 O,G29 0.05 
0,5 0,09 0,008 OZo1 0.3 6,08 0.006 O701 
0.2 0.04 00,0016 0,005 0.2 0,04 0,0u16 = 

Taole Ifl Table IV Table V 
(Kogan) (25) (Dunlap) '7) (Average ) 

S  Ro/R (Ro/R)* S  Ro/R (Ro/R)” 3 Ro/R {Ro/R)*” Ky /K 
PO. 1:0 1,0 i We @ a eG 1,0 Oc ei. 0 1,0 Lo 
Om Osi 0,65 0.9 6,92 0,845 O19 Osgee 0,729 Ove 
0.8 0,67 0,45 0,8. Oe O7e2 0.8 06.683 0,473 0,495 
Gar 0.5% 0.29 O.7 O89 O.4e? O.7 Ofs0s Gye O.oe5 
0.6 0,41 0,17 O.6 Ogee" 0,15 O56 0,393 Coles 0,190 
0.5 0.29 0,064 Goo 0,25. ULee 0,5 OF278 0.077 Os0gs 
0.4 0,20 0,040 O42 BOct? 0,022 0,4 0,180 0,032 0,040 
0.3 0,12 0,014 0.5 Une 0.006 6.3 0,098 0,0096 0,01 
0.2 0,06 0,004 0.2 0,04 0,062 0.2 0,045 0,002 = 





SPREAD OF RELATIVE RESISTIVITY DATA 
FOR UNCONSOLIDATED SANDS 


L.O ~ {.0 
| LEGEND: 


Curve | Table I 
Curve 2 Toble I ® 


Curve 3 Table Il WY, ae 


Curve 4 Table IW 
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O a O 
O 02 0.4 0.6 0.8 Re 
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NOTE: The average of these curves 
by curve |, Figure 4. 
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relative Resistivity and Helative Permeability Data 





Bradford Sund, 


jus 


Taola VI 
(Jonsolidated Natural core) 
(orse ) (12) 

Air Permeability 93 md,, Porosity 20,255 


Ro/R  (Ro/2)” (Ro/a)be? Ky /iK 


130 bo 1.0 Pao 
O40, 09556 O7296 G,37 
O20 0,003 OgrZ6 O24 
Ogi? C2Cz0 O2074 Ovid 
Oe 0,012 0.037 Cree 
G.0O7 C,005 U201S GAG 
iO 0,002 0,010 - 
Taols VII 


(Jonsolidated Synthetic Core) 


(torse ) (22) 


3  Ro/R (Ro/R)?  Ky/X 
1.c. ee 0 1,0 
0.9 0,84 0,72 : 
0.8 0,73 6,53 0,55 
6.7 6,54 6,29 0,31 
6.6 Gee Gas “cog 
Ov5 moss). "GRTTe” Jeane 
0.4 6,20 6,04 0,05 
0.3 0,12 0,014 0,015 





for Clean Unconsolidated Sand 


moperart OF suore 


t 


Ro/R 
eG 


0,506 
0,153 
0,121 
G,ilz 
0,106 
O02 % 
0,037 
C2076 
0,073 
0,073 
0,073 
0.061 
0,054 
0,050 
0,048 
U,042 


0,032 


(Ro/R)3* 


1.0 
Ceo 
UsocG 
Oz019 
Olio 
6,052 
0,035 
0,027 
0,021 
G,013 
o.0lc 
C0035 
0.0070 
0.0056 
0,0042 
00052 
O,0026 
0.00220 
0.00173 
0.00136 


0.00092 


Table VIII 


Relative Resistivity Data 


(Dunlap!?? , Figure 5) 


widdle Part of Core 


Rol (Ro/ik) 3% 


Peo 


eG 
0,470 
0,138 
U,0ve 
0,035 
0.0220 
0.0178 
0.0132 
O.CO9L 
0.0065 
©0055 
0,005) 
00044 
6.0031 
O,0025 
0.00130 
0.00148 
0.00094 
Q,00072 
0.00040 


0.00024 


Bottom part 


OF Bore 


1,0 
0,640 

O tet 
0,374 
0,252 
0,084 
C.C695 
0.0428 
0.0353 
0.0196 
O.0123 
©0073 
0 ,0C-+43 
0,0036 
©,G0216 
0,00172 
0.00148 
0.00090 
6.00045 
G6 C0037 


0 ,CO024 





aelativs Permeavility Data for Unecnsolidated Sands 





Table LA 


(iyckoff & 3otset)(41) 


1,0 pie 

C0 Sues 
C.3 0,46 
Cad Gea 
E26 ec alG 
Wea 0.03 
0,4 6,035 


Uge ol Uae 


Relative Resistivity and Relative Parmeability Data 


for a Jonscolidated Sand 
Table % 
(Morea) (12) 
Bradford sand, Air Permeability 93 md., Porosity 20.27; 


3S Ro/R (Ro/R)S* Ky/K 
1.6 


EeG eo Le 

O09 -70g 20 L024 U.37 
Jeo UL eo eros Oak 
ae Gay G ,083 ee 

















Relative resistivity as used throughout this work is actually 
the Relative reciproesal rasistivity, or the relutive sorductivity, However 
for clarity and brevity, the tem: relative realstivity is used, 

It shonla be noted that relative reciprocel rosistivity, or 
relative conductivity, is the eleatrical anslog of ralative perveabliity 
and varies between 1,6 and ©.C, Relativé rasistivity on the other hend 
varies between 1, ama infinity, It is the former tarn, with appropriate 


limits, whieh is used throughout this work, 
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